Innate and adaptive lymphoid development is orchestrated by the activities of E proteins and their antagonist Id proteins, but how these factors regulate early T cell progenitor (ETP) and innate lymphoid cell (ILC) development remains unclear. Using multiple genetic strategies, we demonstrated that E proteins E2A and HEB acted in synergy in the thymus to establish T cell identity and to suppress the aberrant development of ILCs, including ILC2s and lymphoidtissue-inducer-like cells. E2A and HEB orchestrated T cell fate and suppressed the ILC transcription signature by activating the expression of genes associated with Notch receptors, T cell receptor (TCR) assembly, and TCR-mediated signaling. E2A and HEB acted in ETPs to establish and maintain a T-cell-lineage-specific enhancer repertoire, including regulatory elements associated with the Notch1, Rag1, and Rag2 loci. On the basis of these and previous observations, we propose that the E-Id protein axis specifies innate and adaptive lymphoid cell fate.
In Brief
Previous studies established that E proteins act at multiple stages to promote T-cell-lineage development. Miyazaki et al. demonstrate that E proteins establish T cell identity and suppress the development of thymic ILCs by modulating enhancer repertoires of genes associated with Notch signaling and TCRb locus assembly.
SUMMARY
Innate and adaptive lymphoid development is orchestrated by the activities of E proteins and their antagonist Id proteins, but how these factors regulate early T cell progenitor (ETP) and innate lymphoid cell (ILC) development remains unclear. Using multiple genetic strategies, we demonstrated that E proteins E2A and HEB acted in synergy in the thymus to establish T cell identity and to suppress the aberrant development of ILCs, including ILC2s and lymphoidtissue-inducer-like cells. E2A and HEB orchestrated T cell fate and suppressed the ILC transcription signature by activating the expression of genes associated with Notch receptors, T cell receptor (TCR) assembly, and TCR-mediated signaling. E2A and HEB acted in ETPs to establish and maintain a T-cell-lineage-specific enhancer repertoire, including regulatory elements associated with the Notch1, Rag1, and Rag2 loci. On the basis of these and previous observations, we propose that the E-Id protein axis specifies innate and adaptive lymphoid cell fate.
INTRODUCTION
Immunity is maintained by cells that defend the host from invading pathogens. Two distinct types of cells, adaptive and innate lymphoid cells (ILCs) , that play particularly important roles in establishing and maintaining immunity have been identified. Adaptive lymphoid cells express a diverse antigen receptor repertoire that is generated by somatic recombination involving variable, diverse, and joining gene segments. ILCs consist of cells that respond to infectious organisms in the absence of antigen-specific receptors and produce effector cytokines to enhance inflammatory responses (Diefenbach et al., 2014; Klose and Artis, 2016) . ILCs can be segregated into distinct classes according to the secretion of effector cytokines and the expression of transcription factors. Group 1 ILCs (ILC1s) include natural killer (NK) cells, which are characterized by the expression of the transcription factor T-bet and, upon activation, express interferon-g (IFN-g). Group 2 ILCs (ILC2s) express the transcription factor GATA-3 and, once activated, secrete T helper 2 (Th2) cytokines such as IL-4, IL-5, and IL-13. Group 3 ILCs (ILC3s) include natural-cytotoxicity-receptor-positive (NCR + ) ILC3s and lymphoid-tissue-inducer (LTi)-like cells. These cells express the transcription factor ROR-gt and secrete IL-17A and IL-22 upon activation (Klose and Artis, 2016; Sawa et al., 2010) . ILCs and B and T cells arise from common lymphoid progenitors (CLPs) in the bone marrow (BM). The differentiation of ILCs from CLPs is characterized by the sequential expression of an ensemble of transcription factor genes that include Nfil3, Id2, Tox, Plzf, and Gata3 (Ishizuka et al., 2016) . ILCs and T lineage cells express a common set of transcription factor genes such as Gata3, Tcf7, Bcl11b, Tbx21, Eomes, Rorc, and Runx3, consistent with the similarities they display in effector cytokine expression (Serafini et al., 2015) . In the BM, Id2, Nfil3, Gata3, and Tox are essential for the development of ILC precursors from CLPs (Hoyler et al., 2012; Klose et al., 2014; Male et al., 2014; Seehus et al., 2015; Xu et al., 2015) . Tcf7 and Bcl11b also act to promote the developmental progression of ILCs and T lineage cells Li et al., 2010) (Walker et al., 2015; Weber et al., 2011; Yang et al., 2015) . CLPs also give rise to early T cell progenitors (ETPs), which migrate to the thymus. Once they arrive in the thymus and interact with the Notch ligand Delta-like 4, they activate the expression of Tcf7 and Bcl11b to promote the development of ab but not gd T cells (Hozumi et al., 2008; Miyazaki et al., 2014; Okamura et al., 1998; Wakabayashi et al., 2003; Weber et al., 2011) .
Innate and adaptive lymphoid development is orchestrated by the activities of E and Id proteins (Bain and Murre, 1998) . Lymphoid cells express four E proteins, including E12, E47, HEB (Tcf12), and E2-2 (Tcf4). E12 and E47 are encoded by the E2A gene locus (Tcf3) and are generated by differential splicing (Murre, 2005) . In CLPs, the E2A proteins specify the B cell fate (Bain et al., 1994; Zhuang et al., 1994; Welinder et al., 2011;  Lin et al., 2010) . In the thymus, they promote the developmental progression of T progenitors, although it remains unclear whether E proteins play a critical role in establishing T cell identity (Engel et al., 2001; Ikawa et al., 2006) . E protein DNA binding activity is regulated by the Id gene products, namely Id1-Id4. Id proteins antagonize the DNA binding activities of E proteins (Belle and Zhuang, 2014) . Id2 is particularly important for ILC, NK, and LTi cell development, and its level is elevated in common helper ILC precursors (CHILPs) (Moro et al., 2010; Yokota et al., 1999; Boos et al., 2007; Klose et al., 2014; Zook and Kee, 2016) . However, it remains unknown how E and Id proteins orchestrate ILC and ETP development.
Here, we demonstrated that E2A and Id2 expression levels were inversely correlated in ILC precursors. Specifically, ILC precursors derived from CLPs displayed declining E2A but elevated Id2 abundance. We found that deletion of both E2A and HEB in CLPs caused a severe developmental block at the ETP cell stage in both fetal and adult thymi. The block at the ETP cell stage in the thymus was accompanied by aberrant ILC development. We found that the aberrant development of ILC2s in thymi derived from Tcf3 À/À Tcf12 À/À mice did not require Id2, indicating that the primary function of Id2 is to suppress the DNA binding activity of E2A and HEB. Furthermore, the transcription signatures and distal regulatory elements associated with Tcf3
ETPs were related to those of ILC precursors. Likewise, we found that E2A and HEB launched an accessible T-lineage-specific enhancer repertoire and suppressed the regulome that was biased toward an ILC lineage signature. Collectively, these data show that in the thymus, E2A and HEB establish adaptive T cell identity and suppress the development of ILCs.
RESULTS

E2A and Id2 Abundance in Early Innate Lymphoid Precursor Cells
As a first approach to explore how Tcf3 and Id2 act in ILC lineage commitment, we monitored their expression patterns by utilizing mice with an Id2-YFP reporter and E2A-GFP fusion protein reporter Zhuang et al., 2004) . We found that the ILC precursor population (Lin
À ) in the BM segregated into two distinct populations with high and mid-to-low E2A abundance ( Figure 1A) . Likewise, the innatelymphoid-precursor population consisted of two populations marked by differences in Id2 mRNA expression ( Figure 1A ). The populations characterized by differences in E2A and Id2 expression displayed coordinate differences in IL-7R surface expression.
Specifically, IL-7R
mid precursor cells expressed a high abundance of E2A-GFP but a low abundance of Id2, whereas IL-7R hi cells displayed low E2A but high Id2 and YFP expression ( Figure 1A , right). We also observed low E2A and high Id2 expression in a4b7 hi CD25 + and ILC2 precursor cells (ILC2Ps) from BM and ILC2s isolated from the lung ( Figure 1A ). To provide unambiguous evidence for an inverse correlation in E2A and Id2 abundance in ILC precursors, we generated Tcf3 Figure 1B) . Consistent with previous observations, we found that in the BM, E2A-GFP abundance was high in hematopoietic stem cells (HSCs) and multipotent progenitors and was further upregulated as these cells matured into B-cell-biased lymphoid progenitors (BLPs) and pro-B cells ( Figures 1C, S1A , and S1B) ). Higher abundance of E2A was also observed in ETPs and during the transition from DN2 (CD44 Figures 1C, S1A , and S1B) (Miyazaki et al., 2011) . In contrast, Id2-YFP levels were barely detectable in HSCs and other progenitor populations ( Figures 1C, S1A , and S1B).
Previous studies have demonstrated that in the BM, ILC precursors transiently express the transcription factor PLZF and that PLZF-expressing precursors give rise to ILCs but not NK or LTi-like cells (Constantinides et al., 2014) . To clarify the developmental order of ILC precursors, we traced the expression of Id2 and PLZF in Zbtb16
Id2
YFP/+ reporter mice. We found that PLZF expression was activated before that of Id2 in a4b7 hi CD25 À CXCR6 À precursors ( Figure 1D , left). The ILC precursor population displayed high PLZF and Id2 expression (Figure 1D, left) . However, a4b7 + CD25 + cells that did not express PLZF showed high Id2 and YFP abundance ( Figure 1D , middle). Again, the order of expression in cell development closely correlated with IL-7R surface expression ( Figure 1D , right Figure S1 . HEB act in ETPs given that neither Tcf3 À/À nor Tcf12 À/À mice show a developmental arrest at the ETP cell stage (Barndt et al., 1999; Engel et al., 2001) . Hence, we considered the possibility that in ETPs, both E2A and HEB expression compensate for the other. To address this possibility, we generated Tcf3 fl/fl Tcf12 fl/fl ERT2 Cre mice (Jones and Zhuang, 2007 Semerad et al., 2009) . Likewise, T lineage development was arrested during the ETP-to-DN2 transition such that very few CD45.2-positive cells were detected at later developmental stages (Figures 2A and S2C, bottom) .
To examine the roles of E2A and HEB at the CLP cell stage, we generated Tcf3
Il7r
Cre mice (Schlenner et al., 2010) . We found that these mice displayed a severe developmental defect at the CLP and BLP cell stages ( Figures S2D and S2E ). We found that 17.5 dpc Tcf3
Cre thymocytes were associated with a substantial decrease in total thymocyte cell numbers, increased percentages of ETPs and DN2a cells, and the absence of DP and immature single-positive (ISP) CD8 cells (Figures 2B and 2C) . We observed similar defects in fetal thymi derived from 14.5 day post-coitum (dpc) Tcf3
Cre embryos (Figure S2F) . In Tcf3
Cre fetal thymi, >90%
of DN1 cells, 100% of DN2 cells at 14.5 dpc, and >95% of total thymocytes at 17.5 dpc expressed YFP, indicative of active Cre recombinase ( Figure S2F ). Unlike in tamoxifen-treated Tcf3 
Cre mice. However, the total number of thymocytes was substantially reduced, and there was a drastic decline in gdT cell numbers ( Figure 2D ). In addition, although almost all thymocytes expressed YFP in adult control thymi, fewer than 10% of thymocytes derived from adult Tcf3
Cre mice expressed YFP, indicating that the majority of the thymocytes were derived from a small fraction of T-progenitor cells that escaped Cre recombinase activity ( Figure 2E ). We also noticed increased percentages of DN1 cells and a virtual complete absence of DN2 cells among the YFP + population ( Figure 2E ). Although DN2 cells were absent, we observed DN3 cells among the YFP + cells ( Figure 2E ). The discontinuity between the DN2 and DN3 stages and between the DP and CD4SP stages could be caused by the delayed activation of the Cre recombinase in cells derived from a small fraction of T progenitors, which managed to avoid Cre recombinase activity at the ETP stage. This idea is consistent with the results described above and a previous report indicating the critical roles of E2A and HEB in the development of CD4SP cells (Jones-Mason et al., 2012) .
To confirm an intrinsic role of E2A and HEB, we isolated ETPs from fetal thymi and co-cultured them with Notch-ligand-expressing Tst-4 cells (Tst-4-DL1) (Miyazaki et al., 2005) . Consistent with the in vivo analysis, we found that ETPs lacking E2A and HEB expression lost the potential to differentiate into T lineage cells in vitro (Figures 2F and 2G (Boos et al., 2007; Moro et al., 2010; Yokota et al., 1999) . Because Id2 acts to antagonize E protein DNA binding activity, we hypothesized that in the thymus, the absence of E2A and HEB expression might lead to aberrant development of ILCs. ILCs were rarely detected in 4-week-old thymi derived from littermate wild-type control mice ( Figure 3A, (Constantinides et al., 2014; Seehus et al., 2015) . Together, these data indicate that in the thymus, E2A and HEB act in concert to suppress aberrant development of ILC2s and LTi-like cells.
E2A and HEB Suppress the Expansion of ILC2s in the BM and Peripheral Lymphoid Organs
To determine whether the loss of E2A and HEB expression also affects the ILC2 population in other lymphoid organs, we analyzed the BM, spleen, and lymph nodes (LNs). We found a substantial increase in the numbers and percentages of ILC2s in the BM, spleen, and LNs derived from 4F , and S3G). ILC2s were also readily detectable in the LNs and spleen, but not in the BM, isolated from E47 À/À mice ( Figure S3H ). Likewise, we found increased percentages of ILC precursors in thymi derived from 4-week-old E47 À/À mice ( Figure 4G ).
To determine whether ILC2s in the thymi were derived from T progenitor cells beyond commitment into the T lineage, we examined ILC2s isolated from 
Forced Id2 Expression Promotes Differentiation and Expansion of Thymic ILC2s
The data described above indicate that E2A and Id2 expression in developing ILCs is inversely correlated and that the absence of E2A and HEB leads to abnormal ILC differentiation in the thymus. To further examine how E2A and Id2 expression relate to the developmental progression of innate and adaptive immune cells, we generated an Id2-inducible mouse (Id2/+TA/+) in which Id2 expression can be induced at any time in the embryo or adult mouse upon treatment with doxycycline (Dox) ( Figure 5A ) (Beard et al., 2006) . Early B cell development in the BM was severely affected after 14 days of Dox treatment ( Figure 5B ). Induced Id2 expression also affected adult thymocyte development, revealing higher percentages of CD8SP cells and lower proportions of DP cells with Dox treatment ( Figure 5B ). Thymocyte cell numbers in adult mice were significantly lower, and higher percentages of the DN cells were observed upon induction of Id2 expression by Dox treatment ( Figure 5B ). Likewise, high expression of Id2 in fetal thymocytes resulted in an arrest at the DN1 cell stage, accompanied by a complete absence of the DP compartment ( Figure 5C 
Tcf12
À/À ETPs tend to differentiate toward immune effector cells, given that their expression patterns were closely associated with cell activation, cytokine production, inflammatory response, and immune effector function ( Figure 6C ). On the other hand, GO analysis of transcripts whose abundance declined in Tcf3
À/À ETPs revealed biological pathways linked with immune system development, hematopoiesis, and lymphocyte differentiation ( Figure S5C ). It is well established that ILCs and T lineage cells share a common set of transcription factors. Indeed, Tcf7, Bcl11b, Gata3, and Runx3, essential for both ILC and T lineage cell differentiation, were abundantly expressed in both control and Tcf3
À/À ETPs but showed higher levels of expression
ETPs ( Figures 6B and 6D, left) . Tcf3
À/À ETPs also displayed high levels of transcription factors linked with ILC differentiation, including Id2, Tox, Stat1, Ets1, Rora, and Plzf ( Figures 6B and 6D ). Expression levels of Rorc, Eomes, and Tbx21 were low and equivalent between Tcf3 À/À Tcf12 À/À ETPs and control ETPs ( Figure 6D) . Notably, however, the expression of Nfil3 was barely detectable in Tcf3 Figure 6D ). These data suggest that although Tcf3
À/À ETPs are programmed to differentiate toward the ILC lineage, they remain uncommitted. The expression of genes encoding chemokine and cytokine receptors and signaling components was also modulated in Tcf3 Figure 6D, right) . Finally, we found that whereas Notch1 was regulated by the combined activities of E2A and HEB, Notch3 transcript levels were reduced upon depletion of E47 alone ( Figure S5D ). Because Notch signaling is essential for orchestrating T cell fate, we examined whether forced Notch signaling restored the lack of T cell potential of Tcf3
ETPs. We found that in the absence of both E2A and HEB expression, forced expression of intracellular domain of Notch1 (Notch1-ICN) in vitro was insufficient to fully restore the development of T lineage cells ( Figure S5E ). To directly compare the gene expression profiles of ETPs with publically available gene expression data (Immgen Consortium), we generated a heatmap of gene expression profiles for wildtype and Tcf3
À/À ETPs, as well as transcription signatures derived from an ensemble of different immune cell types. We found that the transcription signatures derived from Tcf3
À/À ETPs resembled those of ILCs, LTi cells, and NK cells, whereas wild-type ETPs were more closely related to CLPs, DN cells, ETPs, pre-pro-B cells, and pro-B cells (Figure S6) . Together, these observations indicate that in ETPs, E2A and HEB act in concert to promote a T-lineage-specific program of gene expression and simultaneously suppress the expression of genes associated with alternative innate cell lineages.
The E2A-HEB Module Activates a T-Lineage-Specific Enhancer Repertoire
To further define the roles of E2A and HEB upon T lineage commitment, we analyzed sorted ETPs by ATAC-seq (assay for transposase-accessible chromatin) and compared them with recently published ATAC-seq reads derived from murine immune subsets (GEO: GSE77695) (Shih et al., 2016) . Using principal-component analyses, we found that the regulomes associated with wild-type ETPs resembled those of HSCs, multipotential progenitors (MPPs), and CLPs ( Figure 7A Figure 7D ). We next examined how the loss of E protein activity affects the regulomes of genes associated with specifying T cell fate. We found that putative enhancer elements in Notch1, Notch3, Rag1, Rag2, and Xrcc6 (associated with E2A occupancy in T progenitor cells) displayed a substantial decline in ATAC-seq reads in Tcf3
Tcf12
À/À ETPs ( Figures 7E and S7A ) (Miyazaki et al., 2011) . On the other hand, the accessibility of promoter regions associated with these genes was not largely affected by the absence of E2A and HEB expression ( Figures 7E and  S7A) . Finally, the regulomes associated with loci whose transcription was activated in Tcf3 À/À Tcf12 À/À ETPs, including
Id2 and Stat1, displayed decreased accessibility in distally located enhancers but not promoter regions ( Figure S7A ). We also observed comparable levels of accessibilities between the TCRb constant region and the TCRb enhancer in Tcf3
ETPs have retained the character of T lineage cells and contain a mixed-lineage enhancer repertoire ( Figure S7B ). Together, these data suggest that in ETPs, E2A and HEB launch an accessible enhancer repertoire associated with a T-lineagespecific program of gene expression and suppress a subset of enhancers associated with an ILC-specific transcription signature. 
DISCUSSION
Previous studies have hinted at the possibility that E proteins establish T cell identity, but compelling evidence has been lacking. Here, we have demonstratd that E2A and HEB act in concert to specify T cell fate. Specifically, we found that in ETPs, HEB compensates for the roles in the absence of E2A expression. These findings raise the question of how E proteins establish T cell identity. We found that the expression of transcription factors essential for promoting T cell fate, including Bcl11b and Tcf7, was not affected by the absence of E protein activity. However, Notch1 and Notch3 transcript abundance was severely decreased in the absence of E2A and HEB expression, consistent with previous observations (Ikawa et al., 2006; Pereira de Sousa et al., 2012) . Although Rbpj expression was not affected in E-protein-deficient ETPs, the enhancer repertoire was depleted for RBPj binding sites, consistent with the absence of Notch1 and Notch3 expression . These observations directly link E2A and HEB expression and the Notch signaling cascade with a common pathway to initiate T cell fate. Future studies using mice with mutations in those enhancer regions will address the necessity of the regulation of enhancer activities by E proteins in Notch1 and other T-cell-specifying genes.
The activities of E proteins in ETPs appear not to be restricted to Notch signaling. In addition to Notch receptors, E2A and HEB activate the expression of Rag1, Rag2, and Ku70 to promote the assembly of TCRb loci and to activate the expression of signaling components for pre-TCR-mediated signaling, including Cd3d, Cd3e, and Ptcra (pTa) (Agata et al., 2007) . These findings are supported by the substantial decline not only in ab T cells but also in gd T cells in Tcf3 fl/fl Tcf12 fl/fl Il7r Cre thymi and are consistent with the notion that the E-Id protein axis is a nodal point in adaptive lymphoid cell development. Consistent with this idea, the forced Notch signaling is not able to restore the T cell development in vitro in the absence of E2A and HEB expression. In addition to specifying T cell fate by modulating Notch signaling and orchestrating the assembly of the TCRb locus, E2A and HEB are necessary for suppressing the development of ILC2s and LTi-like cells in the thymi. How do these cells arise in thymi derived from Tcf3
Tcf12
À/À mice? It was previously reported that thymic a4b7 (Cherrier et al., 2012) . Given that we found increased numbers of a4b7 ILCs with regard to the chromatin landscape. ILCs and T lineage cells are generally considered to be close relatives because they share a spectrum of transcription factors and effector molecules. More recently, however, substantial differences were revealed between the chromatin landscapes of ILCs and T lineage cells at enhancer repertoires but not promoter regions (Koues et al., 2016; Shih et al., 2016) . Likewise, we found that wild-type and Tcf3
À/À ETPs differ at enhancer but not promoter regions, whereas Tcf3 À/À Tcf12 À/À ETPs and ILC progenitors share a significant portion of their enhancer repertoires. Altogether, we propose that E protein activity and Notch signaling act in a common pathway to suppress aberrant thymic ILC development by modulating an ILC-lineage-specific enhancer repertoire. Previous studies have indicated that E proteins are essential for orchestrating the development of BLPs Welinder et al., 2011) . Likewise, we found that in the BM, the absence of E2A and HEB or interference with E protein DNA binding leads to severe defects in BLPs in vivo. In contrast, ILC development appears to be unaffected by the absence of E2A and HEB expression in the BM. Although E2A and HEB expression is not required for establishing ILC identity, previous studies have demonstrated that Id2 expression is critical for committing progenitor cells to the ILC fate (Boos et al., 2007) . How does Id2 function to control ILC development? We have found that lymphoid progenitors that lack Id2 but are also depleted of E2A and HEB expression still develop into ILCs. Thus, the key function for Id2 in committing progenitors to the ILC cell lineage is to antagonize E2A and HEB DNA binding activity. Given that in ILC precursors, the downregulation of E2A expression precedes Id2 expression, we suggest that Id2 acts to enforce the ILC lineage by antagonizing E protein activities beyond the commitment checkpoint.
Our observations indicate that the E protein module not only is critical to establishing B cell identity but also specifies T cell fate. A clear distinction between innate and adaptive immunity involves the generation of a diverse antigen receptor repertoire. Here, we have demonstrated that, by induction of the Notch signaling pathway, the E protein module primes lymphoid progenitors to the T cell fate and also acts to establish a regulome closely associated with the generation of antigen receptor diversity at the ETP cell stage. This includes modulation of the chromatin landscape associated with the Rag genes, as well as regulatory regions associated with TCRb. In sum, the findings described here demonstrate that the E-Id protein module acts to specify both the adaptive and ILC branches of immune cell development.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Also shown is E2A occupancy in RAG-deficient DN3 cells and A12 cells constitutively expressing E47 (also see Figure S7 ). Figure 4B : 8-week-old: Figure 4E : 6-to 8-week-old; Figures 5B, 5D, and 5E: 6-week-old; Figure 5C : 17.5 dpc; Figures 5F and 5G: 4-week-old.
STAR+METHODS KEY RESOURCES TABLE
Cell Culture
Tst-4-DL1 stroma cells were cultured in 5% FBS complete RPMI medium: RPMI 1640 medium (Invitrogen Life Technologies) supplemented with 5% fetal bovine serum, 2 mg/mL sodium bicarbonate (Invitrogen Life Technologies), 1 mM sodium pyruvate (Invitrogen Life Technologies), 0.1 mM nonessential amino acid solution (Invitrogen Life Technologies), 5 3 10 À5 M 2-Mercaptoethanol (Nacalai Tesque), 100 mg/mL streptomycine (Nacalai Tesque) and 100 U/mL penicillin (Nacalai Tesque).
METHODS DETAILS Flow Cytometry
Single cell suspensions from the bone marrow (BM), thymus, lymph nodes and spleen were stained with the following; FITC-, PE-, APC-, APC-Cy7, Pacific Blue-, BV421, BV450, Alexa Fluor 700-, Alexa Fluor 780-, PerCP-Cy5.5-, PE-Cy7-, HV500, or biotin-labeled monoclonal antibodies were purchased from BD PharMingen including CD3e (2c11), CD4 (RM4-5), CD8 (53.6.7), CD11b (M1/70), À Kit + ) (300 cells/well; 24-well plate) from 15.5 dpc fetal thymus were co-cultured with Notchligand expressing stromal cell line (Tst-4-DL1) (Miyazaki et al., 2005) in 10% FBS complete RPMI medium (described in cell culture) containing SCF, IL7, and Flt3 (10 ng/mL each) for 12 days, then analyzed for the development of T cell and ILCs.
RNA-Seq
Total RNA was isolated using the RNeasy-Micro Kit (QIAGEN) and was processed for deep sequencing using SMARTer Ultra Low Input RNA kit for Sequencing-v3 (Clontech) and Low Input Library Prep Kit (Clontech) following the manufacturer's protocol. cDNA libraries were sequenced on a HiSeq 2500 sequencer (Illumina).
RNA-Seq Analysis
Paired-end RNA-seq reads were trimmed before mapping using fastx-trimmer tool. TopHat (version 2.0.14) was used to map reads to the mouse reference genome (mm9), with parameter ''-mate-std-dev #stdev'' and ''-r #insert-distance.'' The #stdev and #insert-distance were estimated for each sample from sub-sampled data. Array Studio software (OmicSoft Corporation) was used to calculate the FPKM (Fragments Per Kilobase of transcript per Million Mapped reads) expression values and raw read counts. Differential expression analysis was performed using DESeq (version 2) R package. MultiExperiment Viewer software was used to generate heatmaps and for hierarchical clustering. Gene Ontology and gene enrichment analyses were performed using Metascape (http://metascape.org).
Heatmap of Correlation Values between RNA-Seq Reads and Immgen Consortium's Microarray Data
We correlated the microarray gene expression data of various mouse immune cell types that were downloaded from the Immgen Consortium (www.immgen.org) to our wild-type and Tcf3
À/À Tcf12 À/À ETP RNA-seq data (biological triplicates) using overlapping genes available in both platforms and annotated within the GO term GO2710 that were differentially expressed (FDR < 0.05). Spearman's correlations were then calculated between each of the platforms samples and then hierarchically clustered. The resulting heatmap illustrates that the Tcf3 À/À Tcf12 À/À ETP gene expression profiles have consistent and higher correlations with ILC1, ILC2, ILC3, LTI CD4 and NK populations than the controls.
ATAC-Seq ATAC-seq protocol was developed by (Buenrostro et al., 2013) . In this study ATAC-seq was performed according to the published protocol with modifications described by (Lara-Astiaso et al., 2014) with a following change; the fragmented DNAs were amplified with total 11 cycles using 13 NEBnext PCR master mix (NEB). In brief, sorted cells were pelleted and washed once with 13 PBS. The cells were pelleted again and were re-suspended in 25 mL of lysis buffer and nuclei were pelleted. The nuclei were re-suspended in 25 mL reaction buffer containing 2 mL of Tn5 transposase and 12.5 mL of TD buffer in the Nextera Sample preparation kit (Illumina) and incubated at 37 C for 1 hr. Then 5 mL of clean up buffer (900 mM NaCl, 300 mM EDTA), 2 mL of 5% SDS and 2 mL of Proteinase K (NEB) were added and incubated for 30 min. Tagmentated DNA was isolated using a DNA Clean & Concentrator-5 kit (ZYMO RESEARCH). For library amplification, two sequential PCR were performed using 13 NEBnext PCR master mix (NEB). After the first 9-cycle PCR, the libraries were selected for small fragments (less than 600 bp) using SPRI beads. Once the libraries were purified using a DNA Clean & Concentrator-5 kit (ZYMO RESEARCH), they were sequenced on a HiSeq 2500 sequencer (Illumina).
Processing of ATAC-Seq Data
The 3 0 end of the ATAC-seq reads often contain adaptor sequences that affect read mapping if not trimmed. We used an iterative mapping strategy to solve this problem. In brief, reads were trimmed to a starting length (e.g., 30 bases) from the 3 0 end and mapped to the mm9 reference genome using Bowtie (version 0.12.7) with the parameters -X2000 and -m1 as previously described (Buenrostro et al., 2013) . Reads that were mapped to multiple locations due to the short read length were extended toward its 3 0 end with a small step size (e.g., 1 base) and mapped again. The procedure was repeated until the reads could not be extended anymore. Using this mapping method, maximum mapping rate was achieved and all of the informative reads were retained. After mapping, reads originated from the mitochondria were discarded and all the reads that were mapped to the ''+'' strand were offset by +4 bp, and all reads that were mapped to the ''-'' strand were offset by À5 bp to represent the center of the transposon binding events as previously described (Buenrostro et al., 2013) .
Principal Component Analysis for ATAC-Seq Data
To compare the chromatin accessibility landscape of different cell lineages with our samples, we downloaded the ATAC-seq data (GEO: GSE77695) from the O'Shea Laboratory. Their dataset contains B, T, NK, ILC and progenitor cells. Reads were mapped to the mm9 reference genome as described above. Normalized (to 10 million total reads) ATAC-seq read counts were calculated using HOMER and were log 2 -transformed. The transposed matrix was supplied as the input for the prcomp function in R software package to perform the PCA.
Hierarchical Clustering Based on Distal/Promoter Peaks and 331 TFs' Motif Matrices
The ATAC-seq signals were log 2 -transformed and annotated. The Pearson correlation values between the different cell populations were calculated for distal and promoter peaks using the R package. Unsupervised hierarchical clustering (method: complete linkage) was performed using GENE-E (https://software.broadinstitute.org/GENE-E/). TFs' motif frequencies of each ATAC-seq distal peak file were calculated using HOMER program with 331 customized TFs PWM (http://homer.ucsd.edu/homer/custom.motifs). To cluster the samples, the normalized TFs' motif frequency values were log 2 -transformed, and unsupervised hierarchical clustering (method: average linkage; similarity metric: correlation, centered) was performed using Cluster 3.0 software.
QUANTIFICATION AND STATISTICAL ANALYSIS
p values were calculated with the two-tailed Student's test for two-group comparison as applicable with Microsoft Excel Software and Prism. The statistical significance level was 0.05.
DATA AND SOFTWARE AVAILABILITY
The accession number for the sequencing data for RNA-seq and ATAC-seq reported in this paper is GEO: GSE95339.
